Hyperbaric oxygen (HPO) was administered to rats (100% O2 at 2.8 atm for 90 min) immediately or 1 hr after severe carbon tetrachloride (CCI,) intoxication in order to study the mechanisms of protection against hepatocellular injury by hyperoxia. Slight to moderate hepatocellular injury was observed, particularly by morphologic criteria, 4 hr after CCI, intoxication. little cell death was observed; 24 hr after CCI,, 20% of the untreated animals died. In the survivors, the following typical changes occurred in the liver: extensive hepatocellular swelling, vacuolization and necrosis; severe ultrastructural alterations; binding of CCI, to microsomal lipids; elevation of lipid peroxidation products (conjugated dienes); little decrease in cytochrome b, and severe decrease in cytochrome P-450 levels. Serum transaminase (alanine aminotransferase and aspartate aminotransferase) levels were elevated. Immediate treatment with H P O prevented the mortality and markedly decreased the hepatocellular necrosis 24 hr after intoxication. Immediate HPO treatment did not lower the levels of free CCl, in the liver. However, the rise in lipid peroxidation products caused by CCI4 intoxication at 4 hr was reduced. Delayed treatment with HPO (1 hr after CCI,) prevented the mortality but was less effective in preventing necrosis. Some hepatocellular protection was still demonstrable. In particular, the rise in lipid peroxidation products was reduced.
INTRODUCTION
Hyperbaric oxygen (HPO) treatment was used immediately or after 1-hr delay in carbon tetrachloride intoxication to investigate mechanisms of protection by hyperoxia against hepatocellular injury.
Carbon tetrachloride is a potent hepatotoxin and a carcinogen. CCl, is activated by the cytochrome P-450 system in the endo-plasmic reticulum to trichloromethyl-free radicals (16, 17) . This highly reactive radical species is thought to induce cell injury by peroxidation of membrane phospholipids, by covalent binding to cellular lipids and proteins (18, 26) , and by the generation of additional reactive molecular intermediates (21, 29) . Several reports indicate that oxygen levels are important modulators of CCl, toxicity. First, work with microsomal fractions has shown that the activation of CCI, is favored by a reducing environment and is dependent on NADPH cytochrome P-450 reduc-tase (27) . Secondly, in vivo experiments have shown that hypoxia enhances the activation of CCl, (23) ; thus, the preferential localization of CCl, injury in the centrolobular zones of the liver may in part be due to a relatively lower oxygen tension in the hepatocytes in this area of the lobules (8). In fact, a reduction in the oxygen consumption by the hepatocytes seems to be the mechanism of protection against CC1,-induced toxicity in several experimental models (7, 15) . Hyperbaric oxygen decreases mortality and toxicity due to CCl, in animals (14) ; and case reports on the beneficial effects of delayed HPO in human CCI, intoxication have also appeared (25) . It is not clear whether the beneficial effect of HPO is due primarily to a direct effect on CCl, metabolism (5), or whether it is due to salvage of injured tissue by, for example, improvement of regional ischemia. In this report, we demonstrate a protective effect of hyperoxia against hepatocellular injury and necrosis induced by large doses of CCI,. The protective effect was not due to decreased levels of CCI, in the liver, but was associated with a decrease in conjugated diene levels in the animals treated with hyperoxia. The protective effect was lost soon after the beginning of CCI, intoxication.
MATERIALS A N D METHODS
Chemicals. 14CC14 (2.8 mCi/mmol) was obtained from New England Nuclear. Other chemicals used were of reagent grade.
Animals and Animal Treatments. Wistar female rats (220-250 g) were used. Food and water were available ad libitum. CCl, was given intragastrically as 80% (v/v) solution in olive oil at a dose of 5 ml of solution/kg of body weight. Controls received the equivalent amount of olive oil. T h e I4Cc1, was dissolved in CCI, and oil to give a solution with 2.8 x loG dpm/ml and was given intragastrically at a dose of 4 ml of CCl,/kg of body weight. The animals subjected to hyperbaric oxygenation were kept in the hyperbaric chamber for a total of 90 min. 100% oxygen was made to circulate in the hyperbaric chamber at an absolute pressure of 2.8 atm, with a temperature of 2O"C, and with a suitable relative humidity. The hyperbaric oxygenation treatment was given immediately or 60 min after receiving CCl, (intoxicated animals) or olive oil (control animals). Some animals received hyperbaric therapy (2.8 atm) with an oxygen concentration of 21% at depth. The animals were killed 4 or 24 hr after CCl, administration. The rats were anesthetized with ether and blood samples were taken from the abdominal aorta; the livers were then rapidly excised and processed.
Isolation of Microsomes. Six grams of liver were homogenized in 1 2 ml of ice-cold 0.3 M sucrose-3 mM EDTA (pH 7.4) with a Teflonglass Potter-Elvehjem homogenizer, at 200 rpm with 4 strokes. The homogenate was centrifuged at 9,000 X g for 20 min. The supernatant was then centrifuged for 60 min at 150,000 X g in a Beckman L2-65B ultracentrifuge. The microsomal pellet was suspended in 2.6 ml of sucrose-EDTA solution.
Binding of Label from l4CCl4 to Microsornal Lipids and Microsornal Lipid Peroxidation.
The in vivo binding of 14C label from cc1, into microsomal lipids was determined as described by Castro and Diaz Gomez (2). An aliquot of the microsomal suspension (0.5 ml) was added to 9.5 ml of a chloroform-methanol (21) mixture. The mixture was shaken, and after 3 min it was centrifuged at 500 x g for 10 min. The supernatant layer was transferred to a graduated centrifuge tube and brought to a volume of 10 ml with the chloroform-methanol mixture. Then, 2 ml of distilled water were added, the two phases were thoroughly mixed, and centrifuged 5 min at 500 X g. The upper phase was aspirated off and discarded. The lipid was washed twice with 0.5 ml of fresh upper phase of a mixture made by adding 25 ml of water to 95 ml of the chloroform-methanol mixture and shaking. (The upper phase of this mixture was used for the washes and the lower phase was used as a blank for spectrophotometric measurements.) Methanol (200 pl) was added to each tube and the absorbance of an aliquot was read at 243 nm in a Beckman DU-8 spectrophotometer to estimate the amount of lipid peroxidation by diene conjugate ultraviolet absorption of the lipid extracts of the microsomal fraction (6). The results are expressed as a change in absorbance at 243 nm x 1000 for a solution having 1 mg of micro-soma1 lipid/ml. After the measurements, the lipid extracts were evaporated in a tared scintillation vial under nitrogen atmosphere at 40°C. After addition of a few drops of nonlabeled ccl4 to the residues, the samples were dried again at 40°C and weighed. Each residue was then dissolved in 10 ml of OCS scintillation fluid (Amersham) and counted in a Beckman LS 7800 liquid scintillation counter. The counts were quench-corrected by the external standard technique and the background subtracted. The amount of I4C binding is' expressed as dpm/mg of micro-soma1 lipid.
Amount of Unbound ''CC14 in Liver. The amounts of unbound carbon tetrachloride in liver were estimated according to the procedure described by Recknagel and Litteria (19) . Samples of each liver (1 g) were taken from the animals. Each sample was homogenized for 30 sec in 3 ml of distilled water. The resulting homogenate was transferred to the outer well of a diffusion cell which contained 1 ml of toluene in the center well. After 24 hr of diffusion equilibrium, the l4Cc1, collected in the toluene was transferred to a scintillation counting vial and counted as mentioned above.
Cytochrome and Enzyme Determinations. The amount of cytochrome P-450 and b, in liver microsomes was determined on the same sample by Na2S204 and Na2S204.C0 difference spectra as described before (12) by recording the absorbance from 500 to 400 nm with a Beckman DU-8 wavelength scanner. Each sample contained 2 mg of microsomal protein/ml in 100 mM phosphate buffer, pH 7.5. Protein concentrations were estimated by a modification of the procedure described by Lowry et a1 (lo). The determination of serum alanine aminotransferase was based on the oxidation of NADH by lactate dehydrogenase (4). Aspartate aminotransferase measurement was based on the use of malate dehydrogenase and NADH (1). The measurement of y g l u tam yl transpep tidase was based on the formation of free p-nitroaniline from y-gIutamy1-p-nitroanilide (24) . The reagents for the enzyme assays were obtained from Worthington.
Histologic Techniques. Several small portions from the left and central liver lobes were fixed in 4% formaldehyde-1% glutaraldehyde in 200 mosM phosphate buffer (pH 7.4) or in neutral buffered formalin. Tissue blocks were embedded in paraffin, sectioned, and stained with hematoxylin and eosin. The specimens were coded to avoid bias and were evaluated histologically by two independent observers. To quantitate the morphologic changes, vacuolization, swelling, nuclear condensation, and necrosis, the liver sections were graded according to the approximate percentage of involved cells using an arbi-trary scale: 0 = none or occasional; 1 = slight; 2 = moderate; 3 = marked; 4 = very intense. The results are the means of observations made for each experimental condition.
Electron Microscopy. Tissues were fixed by immersion at room temperature in 4% formaldehyde-1% glutaraldehyde, in 200 mosM phosphate buffer (pH 7.4), cut into small cubes less than 1 mm3 (13). These small cubes were post-fixed in 1% osmium tetroxide buffered in s-collidine. Fixation was followed by dehydration through a graded series of ethanol, in block staining with uranyl acetate, infiltration with propylene oxide, and embedding in Poly/Bed. Ultrathin sections showing silver to gold interference color were collected on Formvar and carbon-coated copper grids, doubly stained with uranyl acetate (28) and lead citrate (20) , and examined with a JEOL 100B electron microscope at an accelerating voltage of 60 kV.
RESULTS
Treatment Groups. The rats were assigned to one of the following treatment groups: hyperbaric oxygen alone (control), carbon tetrachloride alone (CCl,); CCl, followed by immediate hyperbaric oxygen treatment (CCl, + HPOi); CCI, folIowed by delayed hyperbaric oxygen treatment (CCl, + HPOd); CCl, followed by immediate hyperbaric treatment with 21% oxygen concentration at depth. Animals were killed 4 or 24 hr after CCl, administration. In preliminary experiments, it was determined that CCl, intoxication could be induced in fed rats by intragastric administration of CCI, at a dose of 4 ml/kg with a 20 to 30% mortality at 24 hr. HPO administered up to 1 hr after CCl, intoxication decreased the morbidity, prevented the mortality, and improved the gross appearance of the liver. HPO did not improve the morbidity and mortality of the intoxicated animals when administered 6 hr after CCl,. Hyperbaric therapy with 21% oxygen at depth did not give any protection against CCl, toxicity. In initial experiments we determined that HPO administration to normal rats did not induce morphologic changes in the livers or elevation of serum liver enzymes.
Histologic and UJtrasfructural Analyses .  Figures 1 and 2 illustrate the histologic changes induced by CCl,. There is prominent vacuolization as well as some cell swelling and necrosis, 4 hr after intoxication (Fig. 1 ). By 24 hr (Fig. 2) . the swelling and necrosis are extensive. On the other hand, the livers of animals who received delayed hyperbaric oxygen treatment show moderate degrees of injury and necrosis after 24 h r of intoxication (Fig. 3) . The histologic appearance of the liver was remarkably improved when the rats were treated with hyperbaric oxygen immediately after intoxication. Figure 4 shows that in these animals little injury and necrosis is seen in. the liver 24 hr after intoxication. Table I summarizes against sublethal cell injury is demonstrable. Little or no necrosis is seen in the group receiving hyperbaric oxygen immediately. By 24 hr, the protective effect of oxygen is evident by criteria of both sublethal and lethal cell injury (Table I) . Nuclear condensation and cytoplasmic swelling are known to occur early and concomitantly in cell injury. Table I shows that these morphologic parameters correlate well with each other and with cell necrosis. Vacuolization, on the other hand, showed a negative correlation with cell injury. Transmission electron microscopy of livers 4 hr after intoxication showed that HPO did not prevent the typical sublethal ultrastruct u r d alterations (22) induced by CC14, particularly in the endoplasmic reticulum of hepatocytes ( Fig. 5 ). In agreement with the his-FIG. 5-Transmission electron microscopy of livers sampled 4 hr after CCIJ intoxication. Immediate hyperbaric oxygen treatment. The typical CC14-induced alterations were also found in the treated animals. Vesiculation and dilation of the endoplasmic reticulum and Golgi apparatus as well as clustering of smooth membranes are seen. Increased electron lucency of cytosol, dispersed tibosomes, and autophagy a r e also illustrated. Uranyl acetate and lead citrate stain. x 12,500. tologic analyses, little necrosis was evident at this time point. HPO did not induce any specific ultrastructural changes. The extensive degree of hepatocellular necrosis was confirmed ultrastructurally 24 hr after intoxication. In general, the necrotic hepatocytes showed features typical of CCl, toxicity such as smooth membrane aggregates and el& tron-lucent areas in mitochondria1 matrix (Fig. 6 ) . In HPO-treated animals there was a marked diminution in necrosis. However, evidence of sublethal injury remained particularly in the endoplasmic reticulum ( Figs. 7  and 8) . Mitochondria1 alterations were generally only noted in irreversibly injured cells. Autophagic vacuoles (1 1) were infrequently seen in severely injured cells, particularly cells with markedly dilated endoplasmic reticulum. In cells displaying fewer signs of injury, there was an increase in autophagic vacuole and secondary lysosome profiles both at 4 and 24 hr after intoxication ( Figs. 5  and 8) . The vacuolization seen by light microscopy was found to correspond to accumulation of lipid-like material (in cytosol and endoplasmic reticulum) and of secondary lysosomes; the evolution of these alterations is dependent on metabolic energy. Thus, in this setting of severe liver injury, vacuolization showed a negative correlation with the degree of hepatocyte injury both by light and electron microscopy. In summary, the ultrastructural analyses demonstrated that the full extent of hepatocellular necrosis developed relatively long after the beginning of CCl, intoxication. HPO decreased the amount of necrosis, but it did not prevent the typical CC1,-induced sublethal alterations.
Enzyme and Cytochrome Determinations. Table I1 shows that in the rzts treated immediately with HPO there is little or no ele- vation of serum transaminase enzyme levels (alanine aminotransferase and aspartate aminotransferase) both at 4 and 24 hr after intoxication. These results are in agreement with the morphologic data showing that rats treated immediately with HPO developed little or no hepatocellular necrosis (Table I) . This is in contrast with the marked transaminase elevation in the group with no HPO treatment ( Table 11 ). In the intoxicated rats receiving delayed HPO treatment, the serum transaminase levels were not significantly different from those of the untreated rats. Delayed HPO treatment thus prevented mortality and improved the histologic appearance of the liver. However, hepatocyte protection could not be demonstrated in this group by serum transaminase levels at the time points chosen. Low correlation between amount of tissue necrosis and serum transaminase levels could explain these findings. A difference'in rates of release and turnover of transaminases in the different experimental groups is another possible explanation. Serum y-glutamyltranspeptidase was not elevated in any of the rat groups (not shown). Table I11 shows that at 4 h r of intoxication the levels of cytochromes bs and P-450 tended to decline in parallel in all three groups of animals receiving CCl,. By 24 hr, the cytochrome levels tended to decline further in untreated rats and in rats receiving delayed HPO treatment.
I4CC1, Label in Livers and Microsomal Lipids and Microsornal Lipid Peroxidation. l4Cc1, was administered to the rats in tracer doses to estimate CCl, levels in the livers (Table  IV) . No differences in "free" l4Ccl4 levels were seen between HPO-treated and untreated groups. Similarly no decrease in I4C bound to microsomal lipids was seen in the treated groups. The amount of lipid peroxidation was estimated by measuring the ultraviolet absorption of diene conjugates in lipid extracts of microsomes. As can be seen in Table V , HPO-treated groups showed a decrease in the levels of diene conjugates at 4 hr after intoxication. No differences between CC1,-intoxicated groups and controls were seen at 24 hr.
DISCUSSION
Hyperoxia has several direct and indirect effects on cellular and organ function. Some of these affects are injurious, others are beneficial. For example, hyperoxia has been shown to enhance the generation of 0; and H,O, particularly by endoplasmic reticulum and mitochondria in lung tissue (3). These reactive oxygen species are cytotoxic because they induce lipid peroxidation as well as covalent modifications of cellular lipids, proteins, and nucleic acids. On the other hand, high levels of oxygen may also be beneficial. For example, hyperoxia may protect injured tissues by increasing the levels of available oxygen. In the case of the liver, the blood flows from the portal areas through the sinusoids toward the center of the lobules and into the central veins. A considerable amount of oxygen is extracted from the blood as it traverses the lobules. Thus, centrolobular regions are more vulnerable to hypoxic injury 9) . With regard to cc14, hypoxia (a reducing environment) favors metabolic activation of the toxin. Thus, hyperoxia may be expected to protect against this type of injury by inhibiting or delaying the activation of CCl, by the cytochrome P-450 system. Hyperoxia could also be beneficial by increasing salvage of injured cells after cc1, metabolic activation has occurred. These "late" protective effects could be mediated by influencing a process initiated by, but independent of, CCl,. Alternatively late protective effects of hyperoxia could be due to salvage of viable cells in zones of necrosis and ischemia.
Our results indicate that hyperoxia is most protective when administered immediately after intoxication. Oxygen therapy does not appear to alter the levels of free CCl, in the liver, Thus, the absorption of CCI, from the gut seems not to be affected. The protective effects of hyperoxia against hepatocellular necrosis were clearly demonstrable 24 hr after CCl, intoxication. Hyperoxia prevents cell necrosis when given soon after the hepatotoxic challenge. A cytoprotective effect, albeit smaller, and increased animal survival are still demonstrable when oxygen treatment is delayed by 1 hr. No protection against hepatocellular necrosis or mortality is seen when treatment is given 6 hr after CCl, intoxication. The rapid and marked loss of hepatocyte protection within minutes of intoxication suggests that hyperoxia protects hepatocytes by inhibiting the metabolic activation of CCl, and/or damage from molecular intermediates. The levels of conjugated dienes in the microsomes were decreased in the oxygen-treated rats 4 hr after intoxication. Thus, in vivo hyperoxia seems to protect against the metabolic activation of CCI, and consequent initiation of lipid peroxidation by free radicals generated in the process. The levels of I4CC1, binding to microsomal lipids were not lowered in the oxygen-treated groups at the time points examined. Kinetic experiments with non-necrotizing doses of CCI, and measurements of end products during and immediately after HPO treatment are needed to shed more light on the influence of hyperoxia on the rate of formation and turnover of CCl, adducts as well as metabolic byproducts.
In conclusion, hyperoxia protects against CC14-induced hepatocellular necrosis and in-hibits CCl,-induced lipid peroxidation in vivo. The cytoprotective effect of hyperoxia seems to be related to inhibition of metabolic activation of CCI,. Hyperoxia seems to have little effect on the progression of hepatocytes from sublethal injury to cell death in CCl, intoxication. We are testing other toxins activated by the cytochrome P-450 system. Ereliminary results suggest that HPO is an important modulator of levels of hepatotoxicity in these types of intoxication. These findings have clear therapeutic implications in view of the morbidity and mortality associated with accidental or intentional intoxication with these types of toxins.
